Understanding Electromagnetic Form Factors

Gerald A. Miller
University of Washington

What do form factors

really measure?

Tuesday, June 23, 2009



Understanding Electromagnetic Form Factors

Gerald A. Miller
University of Washington

What do form factors

really measure?

Not the 3 Dimensional Fourier transform
of the charge or magnetization density

Tuesday, June 23, 2009



1. Introduction,motivation
2. Why the charge density is not the 3-dimensional
Fourier transform of G, Toy model
3. Use of light front/infinite momentum frame
4. Model independent neutron transverse charge
density GAM PRL 99:112001,2007
5. Basic considerations for neutral systems, toy
model
6. Exclusive-inclusive connection
elastic- deep-inelastic

John Arrington, GAM PRC78, 032201(R) 2008
/. Relation between transverse density and 3-
dimensional density

Experimental progress
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Why form factors?

UNDERSTAND CONFINEMENT

How does the nucleon stick together
when struck by photon?

Where is and magnetization

density located™
* Origin of angular momentum?

 What is the shape of the proton?
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What is charge density at the
center of the neutron?

* Neutron has no charge, but
charge density need not vanish

* |s central density positive or
negative?

. — p at center,
Fermi: n fluctuates to pﬂ?

pion floats
to edge
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Electron scattering from a nucleon

j=<ely, le>

Nucleon vertex: tg:
: 2 uv 0 L 0°
FM(PaP}=YM (Q )+ F, (Q ) ®
Dlrac Paull
do __ {(do v2 v2 , %
3& = (3&) prow (G2 +IG3,) /(L + 1) =
Cross section for scattering
from a point-like object

B A B B A |

GE, GM Sachs Form factors describing 5*
nucleon shape/structure
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Interpretation of Sachs - G(Q?) is
Fourier transform of charge density

Correct non-relativistic:

wave function invariant under Galilean
transformation

Relativistic : wave function is frame
dependent, initial and final states differ

interpretation of Sachs FF is wrong

Final wave function is boosted from initial
Need relativistic treatment
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Toy model

* Scalar meson, mass M made of two
scalars one neutral, one charged of mass
m, with M<2m (stable particle)

« Exact covariant calculation of form factor

Infinite momentum frame (Light
front variables ) gives exact resulit

When non-relativistic approximation
works, Form factor is 3DFT of charge
density.

When does non-relativistic
approximation work?
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Validity of non-relativistic approximation:
M=2m-B, B=0.002 M, ()% < (.2 M?
very limited —

only deuteron kinematics are non-rel
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Validity of non-relativistic approximation:
M=2m-B, B=0.002 M, ()% < (.2 M?
very limited —

only deuteron kinematics are non-rel

Relativity needed
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Rest frame charge density is not observable

a

. 2 3 ;1L+ /T X
Fig. a. (P+4q|.J"(0)|P) = 2P +0)"F(Q*) — tye | apioms tremprpilties—mr—ps) correct in IMF (P — o).

Target rest frame: (pi +p')') = [E1 + E'1,2p + q].

o (PR BT

I, (q?) = /
1a@’) 2F1E\'2Ey (Ep — Ey — Es)(Epiq — E'1 — E»)

qJ2(q?) = / p P

V2= | OB BV 2B, (Ep — By — By)(Epsq — E'L — B2)
d3p q

) = | |

4 3(q ) 2E1E1/2E2 (EP - El - E2)(EP+q - Ell - EQ)

2
2P + Q" F(Q*) — (25;)3 [I1,a4(J2 + J3)],  qud* =07 =¢°I —|q|(J2 + Js5) = CC,
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Rest frame charge density is not observable

a

Curr. Cons. massively violated

. 2 3 }1L+ /,;L X
Fig. a. (P+4q|.J"(0)|P) = 2P +0)"F(Q*) — tye | apioms tremprpilties—mr—ps) correct in IMF (P — o).

Target rest frame: (pi +p')') = [E1 + E'1,2p + q].

11(q2)z/ cp (WP trm+Vp+a?+m?)
2F\E\/'2E (Ep — By — E3)(Epyq — E'1 — E»)

3o () _/ d*p 2p
VY= | 9B E2E, (Ep — By — B2)(Bpyq— F'1 — Es)

anta®) = [ o0 : -
2E1E1/2E2 (EP - El - E2)(EP+q - Ell - EQ)

2
(2P + q)*F(Q%) — (;; il + B, gl =07 = ¢I1 — |q|(Jo + J3) = CC,
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Light cone coordinates/Infinite
momentum frame

yr—

“Time” &t = (ct +2)/V2 = («° +2°)/V2

—
¥

“Evolution” p~ = (p” — p?®)/V2

T = —\22

2 = (',ro — ‘14'3’) V2, If v =0, z~

“Space” 7 = (ct —2)/V2

“Momentum” p* = (p” +p*)/V2

perp

Transverse : “Position” b “Momentum” p
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Relativistic formalism-
kinematic subgroup of Poincare

 Lorentz transformation —transverse
velocity v

kLT — ]\'j"" k — k — ktv

k- such that k? not changed
Just like non-relativistic with k* as

mass, take momentum transfer in perp
direction, then density is 2 Dimensional
Fourier Transform
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Infinite Momentum Frame Charge Density

pclz™,b) = X, c-(,qtv-.b):fq(;r-.b) = J*(z",b)
pT,R =0,M\) _J\f L P, A)

poc(2™,b) = (pT R =0,A[ ps(27,b) [p", R =0, )
Integrate over 22—, use momentum expansion, definition of F:

p(b) = [ da™puc(a™,b) = [ (L F(Q? = g?)e e
Transverse charge denS|ty
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interpretation of FF as quark density
9

>

->-

overlap of wave function Fock
components with different
number of constituents

NO probability/charge
density interpretation

overlap of wave function .
Focﬁ’( components with | Absent in a Drell-Yan Frame

same number of quarks

D
! 114 t 1
N
B

'=q"+¢=0

interpretation as
probability/charge density  From Marc Vanderhaeghen
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Parameterizations of form factors-new data
not in

R, Bradford A, Bodek H. Budd?® and J. Amington® ~ hep-ex/0602017

160 20
Q* (GeV?)
— BBBA — May 05
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Negative F; means

central density | .|

negative 0
b o(b)[fm™ '] _g 01
~0.02
~0.03

\/ neutron

0 0.5 1 1.5 2
b[fm]
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Neutral systems basic intuition

* particle 1, + charge, m; =M
* particle 2, - charge, mo = 0.14m

F(Q?)
05

Slope at origin is positive, as
expected

03
02

0.1

SIS

o
2 4 6 8 10

2 2 11 m2 7m2
M2R? = 9 1—4log [ 22 /2 :
) . @ ( Og(M2 " 1924/ 73 - 288M7

Why is neutron different
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Neutron Interpretation needed

0.5 +

0 1 2 3 4 5 6

b

Why ? What? How? Combine elastic
and deep inelastic scattering information.
Generalized parton distribution
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Generalized Parton Distributions : surkardt (2000,2003)
yield 3-dim quark structure of  Belitsky.Ji,Yuan (2004)
nucleon L

é

xp D - |

& fixb))

Elastic Scattering DIS DES (GPDs)

transverse quark lo gi.tudi.nal .
distribution in distribution quark distribution in

: ~in ntum spac
coordinate space ' momentum space both coordinate and

quark orbital angular momentum  pomentum space

fully-correlated
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Neutron negative central charge density: inclusive-exclusive connection

Gerald A. Miller John Arrington PR C 78, 032201(R) (2008)

Goal: use GPDs to understand central negative charge density

| - .

~t=—(p'-p)*=(p' - p)*=Q*

H(z,0) = q(z), Fi(t) = )., eq | dzHy(z,1).
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Impact parameter-dependent PDF Burkardt

Probability:

quark at b from cm has momentum fraction x = k7 /p™

1 (b,x) = (p*, R =0, | [ Lgl (=27, b)q (5, b)e™™ * p*, R =0, \)
o7 (b,2) fme_’qu( t = —q?)

p(b) = >_, eq J dx pf (b, )

Ri= 0= 2;b;

Quarkof zx=1atb=0
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Aim: use GPDs to investigate p? (b, x)

Model GPDs- fit parton distributions and form factors
Guidal et al 05, Diehl et al 05, Ahmad et al 07, TiburziO:

Basic idea: Drell-Yan-West relation

3 valence quarks, with power law wave function and

quark counting rules relate

DIS structure function & form factors

limgz_. Fi(Q%) = @1? limy_1 vWa(z) = (1 — z)?" 1
n=2 relate:high x, high Q2 , low b

Hi(z,t) = qv(z) exp|fo(z)t], H! = HI— H1.
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Neutron ratio u/d

1.0 ———1—— 17—
[ CTEQSL

Fig. 4. Ratio of u quarks to d quarks in the neutron from several analyses of deuteron and proton
data. The solid line is the CTEQ6L parameterization

Neutron d quarks dominant at high x, to be tested
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Neutron charge distribution vs X

0.3 N P —
C\'J_‘
! 0.2
=
—_— 0.1
’; —-0.0
|
o0 —0.1
S
=]
2 _,-0.2
Q.

—0.3 o — A 4
0.0 0.5 1.0 1.5

high x: d dominates at small b
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Neutron p(b,x)

x=0.5

d dominates at high x, low b
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The neutron
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Relation between 3- dimensional and transverse densities-
experimentalists love to 3 D F transform form factors

Neutron Densities _

Z A=A =2 B :
= = 25: Proto}\rzz)[\)Me:r;sities _ Ke”y 2002
S € 20F 3
0 -
1
2 F
2 oF
S sk
O:

0.0 . . 1.5

1.5

NSAC 2007
0.2 R
= [ . :g B P h .
Eos Neutron charge density; roton charge density
"f 0.1 3 o.s;
0.05 0.6~
of- 0.4
-0.057 0.2
R e B R BT T
r [fm] ¢ [fm]

Sorry, not correct! No density interpretation of 3D FT of form factors
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How to construct similar pictures

to show experimental progress

Basically-to get densities integrate the ones you had over z.
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Summary

* Transverse densities give model-independent
charge density in infinite momentum frame.

3D FT only gives the charge density in non-
relativistic, weak binding limit -e.g nuclel.

* The central transverse charge density of
neutron is negative

* There are d quarks at the center of the
neutron

* Transverse density can be obtained by
integration over z

Tuesday, June 23, 2009



Spares follow
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Total neutron charge distribution

0.0 05 1.0 1.5
b [fm]

d dominates at high x, low b
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How to tell how big something is?

/

* Look &Oﬂ% .

path
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How to tell how big something is?

/

* Look mgh% .
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0.6 - 5 .

10 10 10
Q* (GeV?)

A Han63 4 Bar73
B Jan66 X Bor75
O Cow68 * Sil93
¢ Lit70 ¢ And94
® Pri71 * Wal94
X Ber71 + Chro04
* Han73 A Qat05

proton e.m. form factor

status

1.5 T T T T T T

0.0 ) ] N | 1 |
0.0 2.0 4.0 6.0

Q* (GeV?)
green : Rosenbluth data (SLAC, JLab)

o puno5} JLab/HallA

W Gay0z ) ool pol. data

new MAMI/A1 data up to Q% ~ 0.7 GeV?

new JLab/HallC recoil pol. exp. (spring 2008) :
extension up to Q2% 8.5 GeV?
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1.25

0.50

0.25

neutron e.m. form factor : status

IIIII 1 1 IIIIIII 1 1 IIIIIII

Roc82 o

Lun93 @] i
Mar93
Ank94 Q
Gao94 -
Bru95
Ank98
Kub02

Bro05 -7 JLab/CLAS N
Andoé > JLab/HallA T

107" 10° 10"

Q* (GeV?)

H oo ROG O

0.15

0.05

T

SHe-target o
Mey94 A
Bec99/Gol01 (|
Roh99/Ber03 (@]
d—target AN
Ede94 X

MAMI « @

| JLab/Hallc < ¢

0st99
Her99
Pas99
Schi01
ZhuO1
War04
Gla05
Pla06

2.0

new MIT-Bates (BLAST) data
for both p and n at low Q?

new JLab/HallA double pol. exp. (spring 07) :

extension up to Q? = 3.5 GeV?2 completed
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